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Epidermal growth factor (EGF) and transforming 
growth factor-a (TGF-a) stimulate keratinocyte mi-
gration on collagen by up-regulating the a2 subunit 
of the collagen integrin, a2/31. Interleukin-1 (IL-1) is 
an autocrine factor, produced by keratinocytes them-
selves, that is modulated by ultraviolet light and 
increases the proliferative potential of keratinocytes 
in culture. The autocrine nature of keratinocyte-
derived IL-1a is emphasized by the fact that it: in-
duces the keratinocyte to synthesize IL-1a and 
TGF-a, a cytokine known to induce keratinocyte 
motility. Further, topical application of IL-1a has 
been shown to promote wound healing in animals. In 
this study, we used a well-defined keratinocyte mi-
gration assay to assess the effect of IL-1a on kerati-
nocyte motility and to examine whether the IL-1al 
TGFa pathway is involved. The addition of recom-
binant human IL-1a to keratinocytes produced a stausti-
cally significant and concentration-dependent increase in 
migration on matrices of collagen types I and IV, but: not 
A n early and important event in wound h ealing is re-epithelialization, by whjch k eratinocytes mig rate and cover the surf.1ce of the open wound, pre,sum-ably in response to matrix and soluble fa ctors in. their immediate environment. R e- epithelializa tiol:] in-
volves both cellular locomotion and proliferation [1] . lnterieukin-
I-alpha (IL- I O') is a cytokine synthesized by many difteren.t cell 
types, i.ncluding keratinocytes. Previous clinical studies have d em-
onstrated that application of IL-I O' promoted epith elial wound 
h eali.ng and especially accelerated the rate of wound re-epithelial-
ization [2] . AJthough keratinocyte s express both IL-1 0' and tL-lt3 
mRNA [3, 4], only IL-I O' is ac tive upon re lease [5] . IL-1 0' has been 
shown to stimulate k eratinocyte synth esis of IL-1 0' and transform-
ing growth factor-a.1pha (TGF-O') mR.NA [4] and h as been denl0n-
strated to modul ate the afl:lnity of the epidermal growth f,1cto r 
(EGF)/TGF-O' receptor for its ligand [6] . TGF-O' has already been 
shown to enhance keratinocyte locomotion [7] . IL-1 0' stimulation 
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on lanllnin. Maximal levels of keratinocyte migration 
obtained on these matrices with IL-1a were comparable 
to those obtained with stimulation by EGF and TGF-a. 
The effects of TGF-a and IL-1a on keratinocyte migra-
tion are additive; however, the maximal level of migra-
tion achieved by using IL-1a and TGF-a in combination 
never exceeds the maximal level of migration found by 
using either cytokine alone. The time course ofkeratino-
cyte migration induced by IL-1a is delayed (onset of 
tnigration 9 -12 h after addition) as compared with that 
induced by TGF-a (onset of migration 6-9 h after addi-
tion) even if the cells are preincubated in IL-1a. Flow 
cytometry analysis demonstrated no change in surface 
expression of integrin subunits, specifically that of inte-
grin subunit a2, previously shown to be up-regulated by 
EGFITGF-a. These results suggest that IL-1a stimulates 
keratinocyte migration on collagen via a mechanism dis-
tinct from that of EGFITGF-a. Key words: cytokitleslmatrixl 
motilityli"tegritrs. ] Illvest DentlatoI104:729-733, 1995 
of k era tinocyte migration across th e wound bed could con ceivably 
also contribute to the enhanced rate of re- epithelialization. 
In tllis study, we used an ill IJ;fm migration assay to examine the 
ability of IL-I O' to promote the migration of human keratinocytes 
ou type I and type IV col\agens, matri.x molecules found as part of 
th.e wound b e d in IJiIJo. We also examine d whether IL-IO' might act 
thJ:ough its abWty to stimulate cell s to produce an effector molecule 
su c h as TGF- a, which i.n turn could exert rul autocrine influence o n 
the keratUlocytes . 
Integrins, h eterodimeric receptor complexes expressed on the 
plasma membrane ofhumrul basal keratinocytes [8-10] , have been 
shown to play an important role in th e migration of human 
keratinocytes o n fibronect:i..tl [11] ruld collagen [12] . We specifically 
examine d the expression ofintegrin receptors on th e cell surface of 
kerat:i..tlocytes nugrat:i..tlg in tile presen ce of selected cytokines. 
MATERJALS AND METHODS 
Materials N ative rat-tail type I collagen was supplied by Collaborative 
Research (Bedford , MA). Pepsinized human placental type IV collagen was 
obtaillcd from Sigma C hemical Co. (St. Louis, MO). La.l11inin was isolated 
from thc E nglebrca th- HoIl1l-Swann tumor [13]. Keratinocyte basal mcdil1l11 
(Kl3 M) w d keratinocyte growth medium (KGM) were supplied by Clonet-
ics (San Diego , CA). Recombinant TGF-a and LL-1a were suppl ied by 
Gel1entech (South San Francisco, CA). Anti-EGF receptor-blocking anti-
body (LA 22) was obtained from Upstate Biotcchnology (Lake Placid, NY). 
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Antibody against a6 integrin subuni t (GOH3) was generously provided by 
the laboratory of Dr. Randall Kramer (University of California, San 
Francisco). Antibody against /31 integrin subunit (AllB2) was generously 
provided by the laboratory of Dr. Carolyn Damsky (University of Califor-
nia, San Francisco). Antibodies against a2 integrin subunit (P1E6), a3 
integrin subunit (PIBS), and as integrin subunit (PlD6) were supplied by 
Gibco BRL (Gaithersburg, MD). Antibodies against human class I antigen 
were generously provided by the laboratory of Dr. Peter Parham (Stanford 
University). Normal goat serum and fluorescein-isothiocyanate-conjugated 
goat anti-mouse IgG and goat anti-rat IgG were supplied by Jackson 
ImmunoResearch (Bar Harbor, ME). 
Cell Cultures Human keratinocytes from neonatal foreskins were initi-
ated into culture using the method ofRheinwald and Green [14]. T he cells 
were subcultured and passaged in serum-free KGM according to Boyce and 
Ham [15], as modified by O'Keefe and C hiu [16]. The cells were 
subsequently passaged twice to remove any contaminating fibroblasts before 
use. 
Migration Assay Human keratinocyte migration on selected extracellu-
lar matrix components was quantitated by computer-assisted image ana lysis, 
as described previously [17,18). Preliminary studies using radioisotope-
labeled fibronectin, laminin, and collagens demonstrated that 61 % to 70% of 
the matrix macromolecules bound to the coverslips under these conditions 
(17). Preliminary experiments demonstrated the following optimal plating 
concentrations of these matrix components for maximal effects on kerati-
nocyte migration: type I col.lagen, 15 J-Lg/ml; type IV collagen, 15 J-Lg/ml; 
fibronectin, 60 J-Lg/ml; and laminin, 90 J-Lg/ml [17,19]. For selected 
experiments, suboptimal amounts of matrix and growth factors were used to 
see the concentration-dependent effects ofIL-la. The rationale for limiting 
matrix is that optimal concentrations may drive the cells to a maximal 
response and obscure an IL-1 a effect. 
After adsorption of the matrix molecules, the coverslips were washed and 
a suspension ofkeratinocytes was added to each wel.l along with any soluble 
factors to be tested. The tissue culture plates were then incubated for up to 
24 h in a 5% carbon dioxide humidified incubator at 37°C. Time-course 
experiments were performed in wluch the cells were fixed with 0.1% 
f0n11aldehyde at selected times during the assay. Because the doubling time 
of the keratinocytes cultured under these conditions was approxinlately 
30 h, the assay directly assessed only cel.lular motility unconfounded by the 
possibility of cel.l division [17). The fixed cells were observed and photo-
graphed at 40 X under dark-field optics. Dark-field optics make the 
particulate gold sa lts appear white and the migratory tracks of the cells 
appear black. 
To determine whether the effects of IL-l a might involve the binding of 
TGF-a to the EGF/TGF-a receptor, we used antibody directed against the 
EGF/TGF-a receptor, obtained from Upstate·Biotechnology. This a.ntibody 
has been shown to compete with EGF and TGF-a for binding to the 
EGF/TGF-a receptor. Antibody directed against class I major histocompat-
ibility complex antigen was used as a negative control. These experiments 
followed the same protocol detailed earlier except that keratinocytes were 
plated onto the treated coverslips in partial.ly supplemented KBM containing 
IL-la at 100 U/ml and al.lowed to attach for 1 h. Unattached cell s and 
medium were then removed and replaced with otherwise identica l medium 
contai.ung the experimental or control antibodies . The ce l.ls were then 
allowed to migrate, and the assay was completed as usual. 
To quantitate the extent of migration, we used a Jande! Video Analysis 
computer system to capture the images of 10 non-overlapping fields from 
each duplicate set of wells (n = 10). The system determines the area of each 
track iu each field. The Sum of the track areas in a field is divided by the total 
area of the field and multiplied by 100 to yield the percentage of each field 
occupied by tracks. Tlus percentage is called the migration index. Confir-
mation of a difference in migration as statistically significant required 
rejection of the null hypothesis of no difference between mean migration 
indices obtained from each duplicate set at the p = 0.01 level using the 
Student t test . 
Flow Cytometry Analysis ofIntegrin Expression Integrin expression 
by migrating keratinocytes was evaluated with flow cytometry, as described 
previously [7]. Briefly, keratinocytes were detached from matrices of type I 
collagen, type IV collagen , and fibronectin with 2 mM ethylenediamine 
tetraacetic acid (EDT A) , 0.05% bovine serum albumin (BSA) in phosphate-
buffered sa.line (PBS). Cells were washed twice with 1 % normal goat serum 
in PBS, counted, and resuspended in 1 % normal goat serum in PBS. Cells 
were aliquoted into separate tubes (100,000 cell s per antibody type) and 
incubated with primary antibodies directed agains t integrin subunits /31, a2, 
a3, a5, and a6 at a dilution of 1:100 for 60 min at 4°C. Cells were then 
washed twice with 1% normal goat serum in PBS and incubated with 
secondary fluorescein-isotbiocyanate-conjugated goat anti-mouse or goat 
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FigUl.re 1. Dose-response curves of IL-1a on keratinocyte migra-
tion. Keratinocytes were allowed to nugrate for 16 h in the absence or 
presence of IL-la at concentrations of 0.1 U/ml, 1 U/ml, and 10 U/ml. 
Differences between migration indices obtained in the absence of IL-1 a and 
in the presence of IL-la at concentrations of 0.1 U/ml and greater were 
statistically significant (Student t test, p < 0.01). Differences between 
migration indices obtained in the presence of IL-l a at a concentration of 
0.1 V/ml and in the presence of IL-1a at a concentration of 1 U/ml were 
statistically significant (Student t test, p < 0.01). £ l1"or bars represent 
standard deviation. 
anti-,:at antibody at a dilution of 1 :100 for 20 min at 4°C. Cells were fixed 
in 0.1 'Yo formaldehyde in PBS for 1. 0 nun at 4°C and then ana lyzed in a 
Becton Dickinson FACScan flow cytometer. Cell analysis was gated on 
forV\f~rd- and size-scatter intensities . T he results were presented in single-
para.."Jleter flow cytometric lustogra ms. 
RESULTS 
When cultured in KBM supplemented with 5 J.Lg/ml insulin, 0.5 
J.Lg/tnl hydrocortisone, and gentamicinlamphotericin E, and ap-
pose d to optimal (15 J.Lgl ml) matrices of type I collagen or type IV 
collagen, keratinocytes migrated at very low levels . With all other 
conJitions he ld constant, the addition ofIL-la at concentrations in 
the range of 0.1-10 U/ml significantly increased migration (Fig 1). 
Incl:easing concentrations of IL-la produced progressively greater 
migration, with maximum levels achieved at an IL-la concentra-
tion of 10 Ulml. Differences between migration indices on either 
matrix for cells in the absence ofIL-la and for cells in the presence 
of 1l.--la at any of the concentrations studied were statistically 
signiJicant (Student t test, p < 0.01). Differences between migra-
tion indices on either matrix for cells at an IL-la concentration of 
0.10 V/ml and cells at IL-la concentrations ofl U/ml or 10 U/ml 
were: also statistically significant (Student t test, p < 0.01). 
A~dition of IL-la to cells apposed to suboptimal (4 J.Lg/ml) 
matJces of type I or type IV collagen also produced increased le vels 
ofmjgration, but to a lesser extent than for cells apposed to optimal 
matrices (Fig 1). Cells apposed to bovine Serum albumin or laminin 
(90 j)-g/ml) rnigrated at very low levels, eVen at high concentrations 
of IL-1 a. The maximal migration indices achieved in the presence 
of optimal concentrations of IL-la were comparable to those 
obtaj.ned with TGF-a [7]. 
TiPle-course experimen ts demonstrated that IL-la-stimulated 
migJ:~tion was delayed compared with migration driven by TGF-a. 
As spown in Fig 2, cells stimulated with TGF-a demonstrated 
statistically significant Inigration by 9 h, whereas cells stimulated 
with IL-la did not demonstrate statistically significant migration 
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Figure 2. Time course ofkeratinocyte migration in the presence of 
TGF-a and IL-la. Keratinocytes were allowed to migrate for 24 h in the 
presence of TGF-a (0.1 ng/ml) and IL-la (1 U/ ml) . Migration indices 
corresponding to time points at which sta tistically significant migra tion was 
first achieved (Student t test, p < 0.01) arc indicated (asterisks). E no/' bars 
represent standard deviation . 
until 12 h into the assay . By 24 h, migration w as essentially 
complete with either cytokine . This diffe rence in the tinung of 
IL-1 a -driven and TGF-a-driven migration w as observed when 
the cells were apposed to either type I collagen (Fig 2) or type IV 
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Figure 3. Functionally blocking the EGF/TGF receptor with anti-
EGF receptor antibody does not influence IL-la-driven keratino-
cyte motility. Keratinocytes migrated on type I collagen in the presence of 
a cons tant amount of IL-l a (1.0 U/ ml) 1 h after the incubation (and 
continued presence) of increasing amounts of anti-EGF antibody (Ab) at 
concentrations Imown to block EGF motility responses [7]. The vertical axis 
is the migration index and the horizontal axis is the concentration of 
antibody. T here were no statistical differences between keratinocyte mo til-
ity in the presence of the anti-EGF and control antibodies . En'or {Jars 
represent standard deviation . 
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Figu .. e 4. Complementary stimulation of keratinocyte migration 
by TGF-a in the presence of suboptimal concentrations of IL-la. 
Keratinocytes were allowed to migrate for 16 h on type I collagen (col) 
(4 iJ.g/ml) or type IV collagen (4 iJ.g/ml) in the presence of IL-la at a 
concentration of 0.1 U / ml with or without TGF-a at concentrations of 
0.001 ng/m.l or 0.1 ng/ ml. N o statistically significant difference existed 
between migration indices obtained for TGF-a at concentrations of 0.001 
ng/ ml or 0.1 ng/ml. Error bars represent standard deviation. T he maximal 
keratinocyte migration obtainable for lL-l a (at a concentration of l0 U/ml) 
is indjcated for comparison. 
collagen (not shown). Moreover, if the keratinocytes were prein-
cubated in IL-la for up to 48 h b efore the nligra tion assay, tlus lag 
in onset of nugration for IL-1a-treated cells with respect to 
TGF-a-treated cells persisted (not shown). The addition of anti-
EGF receptor antibody to cells migrating on type I collagen (Fig 3) 
or type IV collagen (not shown) f.'Iiled to inlubit IL-la-driven 
migration . 
T h e addition of both cytokin es at con centrations suboptimal for 
migration (for example, IL-la at 0 .1 U/m} and TGF-a at 0.01 
n g/JnJ) produced significantly lugher migration indices on subop-
timaL matrices of type I collagen (Figs 4,5) o r type IV collagen (not 
shown) as compared with the addition of eith e r cytokine alone 
(Student t test, p < 0.01). N evertheless, when either cytokine was 
added at an Optinlal concentration, no additional increase in 
mig ration index could be achieved beyond tllat seen for the optimal 
concentration of the first cytokine with further addition of the 
second cytokine (Fig 6) . 
Flow cytom etry analysis of keratinocytes tnigrating on type .1 
collagen or type IV collagen with or without IL-la revealed no 
changes in the expression of tile a2 (collagen) integrin subuni t 
when IL-1 a-treated cells were compared with wltreated cells 
(Table I). Moreover, the expression of integrin subwlits a3, as, 
cx6, and {31 was likewise wlaltered by the presence of IL-1a. 
DISCUSSION 
IL-1 C\' h as b een d emonstrated previously to enhance wound re-
e pith e lializa tion in "hID [2]. The ill vitro migration assay in tlus study 
also demonstrated the stiInulatory effects of IL-1 a on keratin ocyte 
rnigration when the cells were apposed to type I and type IV 
collagen, connective tissue e lem ents of a wound bed. Moreover, 
tlus stimulation of mig ration is additive with th at produced by 
TGF-a when IL-1a and TGF-a are both present. T hese two 
cytok:in es produce a similar maxim al level of cellular migration on 
a given matrix. N evertheless, the m aximal motility achieved by one 
cytok:ine cannot b e exceeded by the addition of the second 
cytok:ine, i.e., the combina tion o f optimal concentrations of IL-1a 
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Figure 5. Complementary stimulation of keratinocyte migration 
by IL-la in the presence o f suboptill1al concentrations of TGF-a. 
Keratinocytes were allowed to migrate for 16 h on type I collagen (col) 
(4 /Jog/ml) or type IV collagen (4 /Jog/ml) in the presence of TGF- a at a 
concentration of 0.01 ng/ml with or without lL- l a at concentrations of 
0.1 U/ml or 10 U/ml. No statisticall y significant difFerence existed between 
migration indices obtained for IL-la at concentrations of 0 .1 U/ml or 10 
U/m!. E rror bars represent standard deviation. The maximal keratinocyte 
migration for TGF- a (at a concentration of 0.1 ng/ml) is indica ted for 
conlparisOIl . 
and TGF-a cannot enhance keratinocyte motility beyond the 
maximal motility achieved by either cytokine alone. This ceiling 
may simply reflect a limiting threshold imposed by the stochastic 
nature of keratinocyte-matrix inte ractions or the maximal response 
intrinsic to the keratinocyte. 
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Figure 6. Complementary stimulation of keratinocyte migration 
in the presence of optimal concentrations of TGF-a and IL-la. 
Keratinocytes were allowed to migrate for 16 h o n type I collagen (col) 
(4 J1.g/ml) or type IV collagen (4 J1.g/ml) in the presence of TGF-a at a 
concentration of 0 .1 ng/ml , IL-l a at a concentration of 10 V l ml , or both 
cytokines together. En"Or bars represent standard deviation . No statistically 
significant difFerence existed between migration indices. 
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Table I. Flow Cytornetry Analysis of Cells With and 
Without IL_1° 
Integrin SubUlLit No Cylokinc IL-1 a Present 
a2 58.31 30.63 
a3 55.59 24.09 
as 14.64 13 .25 
a6 533.8 534.8 
{31 851.7 856.1 
(I After incubation either w ith or wi thout IL-"I . cells were labeled with primary 
antibody diTcctcd ;tga inst the indicated in tcgrin subunits and f1u orcscein-isothiocy,,-
nate-conjug:lted secondary antibody. and fl ow cytol11ctry analysis was perfo rmed. 
. R esults are expressed as scaJed mean fluorescence intcnsi ties. Diffcrences betwecn 
scaled m ean s with and w ithout IL- l a for a1l intcgrin subunits studied arc not 
sta tistically signifi cant. 
lL-l a stimulates its own production as w ell as that of TGF- a in 
human keratinocytes. To avoid confounding any unique effects of 
IL-la with any autocrine effects consequent to its stimulation of 
keratinocyte production of TGF-a, we re tained hydrocortisone in 
the KBM to which the cells were added . T he presence of hydro-
cortisone was shown previously to inhibit the autocrine stimulation 
of production of TGF-a and IL-l a. T he fuilure of anti-EGF 
receptor antibody to block migration, the delayed onset of migra-
tion as compared with that seen with EGF/TGF-a, and the absence 
of the characteristic up-regulation of a2 integrin subunit seen with 
EGF/TGF-a stimulation all confirm the presence of an effector 
pathway on migration for IL-l a, which is' distinct from that for 
EGF/TGF-a and which does not involve changes in the expression 
of integrin subunits. These results suggest that in an i" IIillo wound 
context, autocrine and paracrine effects of IL-l a and EGF/TGF- a 
may combine to influence keratiJl0cyte migration synergistically 
and thus enhance the process of re-epithelialization so crucial to the 
initial stages of healing. 
How IL- 1a promotes keratinocyte motility is not known . lL-l 
promotes keratinocyte growth and proliferation via an autocrine 
type of mechanism [2,20] . However, Sarret et al [19] demonstrated 
a lack of correlation between keratinocyte motility and the prolif-
e rative potential of the cells. A laminin matrix wi ll promote 
keratinocyte growth in cell cu lture but will markedly inhibi t 
keratinocyte motility [17] . T herefore, it is unlikely that the effect of 
IL-la on cell division is responsible for its ability to enhance 
keratinocyte motility. Severa l studies have demonstrated a link 
between keratinocyte motility and the expression of keratinocyte-
derived collagenases [21-24] . IL-1 stimulates fibroblasts to express 
collagenase [25], but this effect is not known to occur in human 
keratinocytes. Modulation of integrin binding or transduction 
capacity, modifications of cytoskeletal elements such as actin and 
myosin (or linking molecules such as talin , vincuLill, ezrin, and 
moesin), acceleration of metabolic processes and alte rations in 
matrix (particularly "brake" -type matrix molecules such as laminin 
and lamil1.in 5), and cytokine production are aU candidate m echa-
nisms by which lL-1a could exert its effect on migration . 
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